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The  worldwide  water  scarcity,  especially  in  the  developing  countries  and  arid  regions,  forces  people  to 
rely  on  unsafe  sources  of  drinking  water.  There  is  a  pressing  need  for  these  regions  to  develop  decen¬ 
tralized,  small-scale  water  utilities.  However,  more  than  50%  of  the  total  operating  costs  associated  with 
such  small-scale,  water-utility  operations  are  the  cost  of  providing  electricity  to  run  water  pumps.  We 
think  that  advances  in  a  variety  of  renewable  and  sustainable  energy  technologies  offer  considerable 
promise  for  reducing  the  energy  required  for  the  production  and  distribution  of  water  by  small-scale 
water  utilities.  This  paper  provides  a  comprehensive  review  of  the  potential  for  using  proton  exchange 
membrane  (PEM)  fuel  cells  to  provide  an  alternative  supply  of  drinking  water.  This  system  can  eliminate 
the  excessive  energy  requirements  that  are  currently  associated  with  water  production.  Such  alternative 
water  production  processes  are  designed  to  increase  the  production  rate  of  drinking  water  by  reducing 
the  amount  of  water  required  to  humidify  the  reactant  gases  during  stable  cell  performance.  The  principal 
operational  components  of  PEM  fuel  cells  are  reviewed  and  evaluated,  including  air  stoichiometry,  pres¬ 
sure,  and  cell  temperature.  Hydrogen-fed  fuel  cell  systems  provide  sufficient  water  to  meet  the  potable 
water  needs  of  a  typical  household.  Furthermore,  it  is  concluded  that  PEM  fuel  cells  have  great  promise 
for  decentralized,  small-scale,  water-production  applications,  because  they  are  capable  of  generating 
sufficient  quantities  of  potable  water  by  operating  at  maximum  power  and  by  increasing  the  number  of 
polymer  membranes. 
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1.  Introduction 

Water  is  an  essential  resource  that  is  required  for  life  and  good 
health.  Yet,  33%  of  the  people  in  the  world  do  not  have  enough 
water  to  meet  their  daily  needs.  Globally,  the  problem  is  getting 
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worse  as  the  population  increases,  which  results  in  increases  in 
the  need  for  water  in  households  and  industries.  When  potable 
water  is  scarce,  people  are  forced  to  rely  on  unsafe  sources  of  drink¬ 
ing  water.  Poor  water  quality  can  increase  the  risk  of  diarrhoeal 
diseases,  such  as  cholera,  typhoid  fever,  and  dysentery,  which  are 
the  second  leading  cause  of  death  in  children  under  five  years  old. 
Impure  water  can  also  cause  many  other  water-borne  infections 
that  are  life-threatening.  One  quarter  of  the  global  population  lives 
in  developing  countries  that  face  water  shortages  due  to  the  lack  of 
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Nomenclature 

a 

capture  efficiency  of  effluent  water  in  condenser  (%) 

A 

total  membrane  area  (cm2) 

EW 

equivalent  weight  of  polymer  membrane 

F 

Faraday  constant  (96,485  C  mol-1 ) 

i 

current  density  (A cm-2) 

I 

current  (A) 

MEA 

membrane  electrode  assembly 

™a,d 

mass  of  dry  hydrogen  at  anode  inlet  (kg  s-1 ) 

™c,d 

mass  of  dry  air  at  cathode  inlet  (kg  s-1 ) 

TEla,w 

mass  of  water  present  in  anode  inlet  (kg  s-1 ) 

EElc:w 

mass  of  water  present  in  cathode  inlet  (kg  s-1 ) 

mu2o 

molecular  mass  of  water  ( 1 8.02  g  mol-1 ) 

Mc 

amount  of  captured  water  at  condenser  per  day 
(kgd-1) 

md 

amount  of  available  drinking  water  per  day  (kg  d-1 ) 

Mh 

water  amount  supplied  for  internal  humidification 
per  day  (kgd-1) 

MP 

amount  of  water  production  through  electrochem¬ 
ical  reaction  (kgd-1) 

Pa 

total  pressure  at  anode  inlet  (atm) 

Pc 

total  pressure  at  cathode  inlet  (atm) 

Pa,w,in 

water  partial  pressure  at  anode  inlet  (atm) 

Pc,w,in 

water  partial  pressure  at  cathode  inlet  (atm) 

Pa, w, out 

water  partial  pressure  at  anode  outlet  (atm) 

Pc, w, out 

water  partial  pressure  at  cathode  outlet  (atm) 

psat 

saturated  water  vapor  pressure  of  inlet  gas  (atm) 

Dsat 

L'cell 

saturated  water  vapor  pressure  at  given  cell  tem¬ 
perature  (atm) 

RHajn 

hydrogen  relative  humidity  at  anode  inlet  (%) 

RHcin 

air  relative  humidity  at  cathode  inlet  (%) 

RHa,out 

hydrogen  relative  humidity  at  anode  outlet  (%) 

RHc,out 

air  inlet  relative  humidity  at  cathode  outlet  (%) 

Ti 

entry  temperature  of  the  air  at  compressor  {I<) 

*h2o 

mole  fraction  of  water  vapor  in  the  exhaust  air  gas 

Greek  symbols 

a 

net  water  drag  coefficient  (mol  s-1  cm-2) 

Ac 

air  stoichiometry  number 

ha 

hydrogen  stoichiometry  number 

Pc 

compressor  efficiency 

Pm 

efficiency  of  the  electric  drive  for  the  compressor 

infrastructure  that  acquire  water  from  rivers  and  aquifers.  Water 
scarcity  occurs  even  in  areas  where  there  is  plenty  of  rainfall  or 
freshwater.  In  arid  and  semi-arid  regions,  where  water  scarcity  is 
more  serious  and  endemic  by  definition,  groundwater  has  played 
a  major  role  in  meeting  domestic  and  irrigation  demands.  Ground- 
water  mining  and  the  lack  of  adequate  planning  have  opened  a  new 
debate  within  legal  frameworks  and  governance  on  the  sustain¬ 
ability  of  the  intensive  use  of  groundwater.  Desalination  systems 
are  also  a  viable  alternative  for  solving  the  water  shortage.  How¬ 
ever,  conventional  desalination  systems  are  usually  large-scale 
systems,  which  are  more  suitable  for  energy-rich  and  economically 
advanced  regions.  Also,  they  cause  environmental  degradation 
because  they  are  fossil-fuel  driven  and  because  of  the  problem  of 
brine  disposal  [1]. 

Furthermore,  we  are  not  fully  aware  of  the  linkages  between 
energy,  water,  and  sanitation  service.  In  general,  the  electricity 
usage  to  convey,  treat,  and  distribute  water  for  all  uses  amounts 
to  more  than  20%  of  the  total  electricity  usage  in  the  United  States 
[2].  Quite  often,  more  than  50%  of  the  total  operating  costs  asso¬ 
ciated  with  small-scale  water  utility  operations  are  the  cost  of  the 


electricity  required  to  run  the  water  pumps.  Furthermore,  unre¬ 
liable  power  supply  results  in  increased  energy  costs  due  to  the 
need  for  back-up  power  and  for  installation  of  protection  systems  to 
prevent  damage  to  electrical  systems.  Inefficiency  in  the  operation 
of  water  utilities  results  in  high  levels  of  non-revenue-producing 
water  and  unaccounted  for  water.  The  use  of  old  equipment  that 
is  past  its  operational  lifespan  results  in  higher  energy  costs  and 
inefficiency  in  system  operations.  The  lack  of  energy-efficient  sys¬ 
tem  designs  increases  the  operational  and  maintenance  costs  for 
the  utilities,  and  their  operational  costs  are  increased  further  by 
damage  to  the  electrical  installations  in  water  supply  and  sanita¬ 
tion  systems  caused  by  an  unreliable  power  supply.  Thus,  we  think 
that  advances  in  a  variety  of  renewable  and  sustainable  energy 
technologies  offer  considerable  promise  for  reducing  the  energy 
required  for  the  production  and  distribution  of  water  by  small- 
scale  water  utility  companies.  In  particular,  hydrogen-fed  fuel  cells 
generate  pure  water,  electricity,  and  heat  energy  through  electro¬ 
chemical  reactions.  Among  the  hydrogen-fed  fuel  cells,  the  proton 
exchange  membrane  (PEM)  fuel  cells  are  widely  used  due  to  high 
power  density,  quick  response  to  changes  in  current  demand,  low 
operating  temperature,  and  relatively  low  cost.  Hristovski  et  al.  [3] 
indicated  that  PEM  fuel  cells,  as  electrical  energy  and  safe  water 
production  systems,  could  make  a  significant  contribution  to  the 
future  hydrogen  economy.  If  appropriate  renewable  energy  tech¬ 
nologies,  such  as  wind  and  solar,  are  designed  for  stable  hydrogen 
supply,  the  fuel  cell  systems  will  eliminate  the  hundreds  of  miles  of 
pipelines  required  to  convey  water  from  sensitive  aquatic  ecosys¬ 
tems.  Furthermore,  they  may  be  advantageous  for  inland  regions 
where  water  distribution  is  uneven.  In  the  following  sections,  PEM 
fuel  cell  systems  are  introduced  as  viable  water  production  systems, 
and  useful  guidelines  for  suitable  ranges  of  operational  parameters 
are  provided  to  increase  the  amount  of  drinking  water  generated 
by  PEM  fuel  cells. 

2.  Production  of  drinking  water  from  fuel  cell 

The  Gemini  spacecraft  was  the  first  to  use  an  alkaline  electrolyte 
fuel  cell  to  provide  electricity  as  well  as  drinking  water  for  the  astro¬ 
nauts  [4].  In  an  alkaline  electrolyte  fuel  cell,  hydroxyl  ions  (OH-) 
are  mobile,  and,  as  they  approach  the  anode,  they  react  with  hydro¬ 
gen,  releasing  electrons;  then,  water  is  produced  at  the  anode  as 
a  byproduct  through  electrochemical  reaction.  However,  problems 
are  encountered  in  the  use  of  water  generated  by  fuel  cells,  because 
the  water  contains  sulfobenzoic  acid,  p-benzaldehyde  sulfonic  acid, 
and  formaldehyde  due  to  the  degradation  of  the  organic  electrode 
[5].  Even  though  the  water  can  be  treated  by  means  of  filtration, 
carbon  sorption,  and  ion  exchange  resins,  none  of  these  methods 
has  proven  to  be  sufficiently  effective  to  make  safe,  potable  water. 
These  problems  were  resolved  in  the  Apollo  program  by  replacing 
the  organic  electrodes  with  sintered  nickel  electrodes,  which  do 
not  degrade.  Consequently,  the  fuel  cell  systems  aboard  the  Apollo 
spacecraft  produced  safe  water  of  extremely  high  quality  at  a  peak 
rate  of  1  kg  h-1 .  In  1 998,  Orta  et  al.  [6]  conducted  a  study  of  the  qual¬ 
ity  of  water  generated  by  fuel  cells  aboard  the  U.S.  Space  Shuttle  and 
the  Russian  Mir  Space  Station.  According  to  their  analytical  results, 
the  water  generated  aboard  both  spacecraft  was  high  quality,  with 
only  a  few  anions  and  cations  at  p>g/L  concentrations.  In  2009,  Hris¬ 
tovski  et  al.  [3]  examined  the  quality  of  the  water  generated  by 
various  PEM  fuel  cells  with  different  external  humidification  sys¬ 
tems.  Water  samples  were  collected  from  six  different  PEM  fuel 
cell  systems,  and  their  constituents  were  measured.  The  quality 
of  the  water  generated  by  fuel  cells  was  directly  related  to  the 
quality  of  the  input  water  supplied  from  different  external  humid¬ 
ification  systems.  However,  the  quality  parameters  of  the  water 
generated  by  PEM  fuel  cells  were  below  the  maximum  contami¬ 
nant  levels  with  the  exception  of  zinc,  lead,  and  antimony,  which 
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Fig.  1.  (a)  Polarization  (filled  symbols)  and  power  density  curves  (open  symbols)  of  PEM  fuel  cell,  (b)  Plot  of  the  water  production  rate  (dash  line)  and  power  density  (open 
symbols).  The  fuel  cell  performance  is  estimated  from  published  values  of  Ref.  [10].  It  is  assumed  that  the  number  of  polymer  membrane  and  active  area  are  50  EA  and 
100  cm-2,  respectively. 


may  be  related  to  leaching  of  these  materials  from  the  plumbing 
or  from  fuel  cell  materials.  They  concluded  that  the  water  collected 
from  PEM  fuel  cell  systems  may  be  ‘safe’  as  an  alternative  source  of 
drinking  water.  These  results  showed  that  the  quality  of  water  gen¬ 
erated  by  PEM  fuel  cells  was  higher  than  the  quality  of  typical  tap 
water  and  that  the  quality  was  in  compliance  with  regulations  that 
have  been  established  by  National  Aeronautics  and  Space  Admin¬ 
istration  (NASA)  and  the  U.S.  Environmental  Protection  Agency  (U. 
S.  EPA). 


3.  Scenario  for  water  and  energy  production  from  PEM  fuel 
cell 


In  a  PEM  fuel  cell,  water  is  produced  at  the  rate  of  1  mol  for  every 
two  electrons  and  can  be  expressed  by  Eq.  (1 ): 


Water  production 


i/KWlyy 


(kg  s  1 ) 


where  i  is  the  current  density  (A cm-2),  A  is  the  total  area 
of  the  polymer  membrane  (cm2),  Mw  is  the  molecular  mass 
of  water  (18.02  x  10-3  kg  mol-1),  and  F  is  the  Faraday  constant 
(96,485  C  mol-1). 

Hristovski  et  al.  [3]  showed  that  a  commercial  PEM  fuel  cell 
stack  (i.e.,  Mark  1020  ACS)  manufactured  by  Ballard  Power  Sys¬ 
tems,  Inc.,  which  is  compromised  of  46  membranes  with  a  total 
current  of  2392  A  and  a  power  of  1.63  kW,  can  produce  approx¬ 
imately  19.3  kg  d-1  of  water,  assuming  two-phase  water  capture 
of  100%.  While  this  water  production  rate  is  insufficient  to  meet 
the  non-internal,  consumptive  uses  of  water  in  a  typical  household 
(e.g.,  bodily  contact,  washing,  outdoor  use,  and  commercial  activi¬ 
ties),  it  is  sufficient  for  meeting  the  potable  water  needs  of  a  typical 
U.S.  household  [7].  Additionally,  it  is  possible  to  generate  sufficient 
potable  water  quantity  by  running  the  fuel  cell  at  maximum  power 
and  increasing  the  number  of  polymer  membrane. 

Fig.  1(a)  shows  that  the  electrical  power  increases  to  a  maxi¬ 
mum  and  then  decreases  due  to  oxygen  mass-transport  resistance 
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Fig.  2.  Schematic  of  water  cycle  in  a  fuel  cell  with  internal  humidification  at  steady  state. 


by  water  flooding  at  high  current.  In  order  to  increase  the  amount 
of  product  water  from  PEM  fuel  cell,  it  needs  to  increase  the  limit¬ 
ing  current  density  without  water  flooding.  Additionally,  Fig.  1(b) 
presents  that  water  production  increases  linearly  with  current  den¬ 
sity.  These  show  that  water  and  electrical  power  productions  are 
classified  according  to  electrical  power  produced  by  stack  (i.e.,  Sce¬ 
nario  I-stage  before  maximum  electrical  power,  Scenario  II-stage  at 
maximum  electrical  power,  and  Scenario  Ill-stage  after  maximum 
electrical  power). 

Scenario  II  and  III  can  produce  maximum  electrical  power  and 
water,  respectively.  However,  scenario  III  is  in  an  unfavorable  con¬ 
dition  for  production  of  electrical  power  due  to  severe  potential 
drop  by  water  flooding.  A  main  limitation  in  scenario  III  results 
from  the  transport  of  reactants  from  the  gas  flow  channel  to  the 
catalyst  layer,  referred  to  as  the  oxygen  mass-transport  limitation. 
This  limitation  is  further  amplified  by  the  presence  of  liquid  water, 
which  blocks  some  of  the  open  pores  in  the  gas  diffusion  layer  (GDL) 
and  thus  reduces  the  available  paths  for  the  transport  of  reactant 
species.  This  phenomenon,  commonly  referred  to  as  water  flooding, 
is  more  severe  in  the  cathode  at  high  current  density  because  the 
slower  oxygen  reduction  reaction  is  more  susceptible  to  the  nega¬ 
tive  impact  caused  by  flooding.  Thus,  in  point  of  water  and  energy 
production,  Scenario  II  is  the  better  than  Scenario  III. 

In  order  to  increase  the  production  of  water  and  electricity  by 
PEM  fuel  cells,  the  limiting  current  density  must  be  increased  while 
avoiding  the  flooding  induced  by  accumulated  liquid  water  in  the 
GDL  and  gas  flow  channel.  The  main  limitation  that  prevents  the 
achievement  of  high  current  density  results  from  the  transport 
of  reactant  gases  from  the  gas  flow  channel  to  the  catalyst  layer, 
referred  to  as  the  oxygen  mass-transport  limitation.  This  limitation 
is  exacerbated  by  the  presence  of  liquid  water,  which  blocks  some 
of  the  open  pores  in  the  GDL  and  thus  reduces  the  available  paths 
for  the  transport  of  reactant  species.  Consequently,  it  is  important 
to  remove  excessive  liquid  water  in  the  GDL  and  gas  flow  chan¬ 
nel  in  order  to  increase  the  limiting  current  density.  The  material 
and  operational  parameters  of  PEM  fuel  cells  can  effectively  reduce 
water  flooding  and  increase  cell  potential  at  high  current  density. 
Material  parameters  are  generally  divided  into  polymer  electrolyte 
membrane,  GDL,  micro-porous  layer  (MPL),  and  gas  flow  channel 
designs.  Operational  parameters  are  associated  with  the  relative 
humidity,  reactant  flow  rate  (i.e.,  gas  stoichiometry),  and  pres¬ 
sure  of  the  inlet  reactant  gases  and  the  operational  temperature 
of  the  cell.  All  of  these  parameters  have  strong  impacts  on  the  per¬ 
formance  of  the  fuel  cell,  and  they  are  interrelated  by  non-linear 
relationships. 

In  addition  to  increasing  the  limiting  current  density  in  PEM 
fuel  cells,  the  provision  of  input  water  for  hydration  of  the  poly¬ 
mer  membrane  influences  the  amount  of  drinking  water  produced. 


Usually,  PEM  fuel  cells  should  be  fully  hydrated  by  an  external 
humidification  system  to  ensure  high  proton  conductivity,  which 
increases  the  performance  of  the  cell  and  its  water  production 
at  the  cathode.  However,  a  PEM  fuel  cell  that  does  not  require 
external  humidification  of  the  reactant  gases  is  highly  desirable 
from  the  engineering  perspective  of  power  generation,  because 
the  extra  cost  of  humidification  equipment  can  exceed  the  sav¬ 
ings  produced  by  a  smaller  and  lighter  fuel  cell  [8].  Additionally, 
it  is  possible  to  eliminate  the  parasitic  losses  attributed  to  heat¬ 
ing  the  gas  humidifiers.  Also,  non-humidified  gases  are  richer  in 
fuel  or  oxidant  per  unit  volume  compared  to  the  equivalent  wet 
gas  streams,  which  favors  higher  cell  efficiency  [9].  In  attempts 
to  overcome  these  problems,  internal  humidification  by  recycled 
exhaust  gas  has  been  used  for  polymer  membrane  hydration  in 
PEM  fuel  cells,  as  shown  in  Fig.  2.  However,  if  the  input  water 
mass  (i.e.,  MH)  for  humidification  of  the  reactant  gases  increases 
dramatically  during  the  cell  operation,  there  is  a  sharp  decrease 
in  the  amount  of  drinking  water  (i.e.,  MD)  generated  by  the  PEM 
fuel  cell  because  the  efficiency  of  the  condenser  in  capturing  efflu¬ 
ent  water  is  not  perfect.  Thus,  minimal  use  of  humidification  (i.e., 
dry  or  slightly  humidified  gas  streams)  for  reactant  gases  is  desir¬ 
able  in  order  to  produce  more  drinking  water  without  affecting 
electrical  power  productivity.  However,  the  performance  of  PEM 
fuel  cells  that  are  operated  with  dry  or  slightly  humidified  gas 
streams  is  significantly  decreased  due  to  the  increase  of  ohmic 
resistance  compared  to  cells  with  analogous,  well-humidified  gas 
streams.  Technically,  the  performance  of  a  PEM  fuel  cell  in  terms 
of  voltage  and  power  density  can  be  greatly  influenced  by  var¬ 
ious  operating  parameters,  such  as  reactant  gas  stoichiometry, 
operating  pressure,  and  cell  temperature.  In  addition,  these  opera¬ 
tional  parameters  can  affect  the  relative  humidity  of  the  exit  gases, 
which  must  be  within  a  proper  range  for  stable  cell  performance. 
Therefore,  it  is  essential  to  quantify  the  effects  of  operational 
parameters  on  the  performance  and  water  production  rate  of  PEM 
fuel  cells. 

4.  Mass  balance  for  reactant  and  product  species  in  a  PEM 
fuel  cell 

At  steady-state  conditions  in  a  PEM  fuel  cell,  mass  balances  for 
reactant  and  product  species  can  be  described  by  the  law  of  conser¬ 
vation  of  mass,  as  depicted  in  Fig.  3.  The  mole  numbers  associated 
with  each  reactant  and  product  are  related  to  the  operational  con¬ 
ditions  and  are  provided  in  Table  1.  To  derive  the  formula  of  mass 
balance,  pressure  drop  on  the  cathode  side  and  the  anode  side 
were  neglected  and  that  the  water  generated  by  the  electrochem¬ 
ical  reaction  exists  in  the  vapor  phase.  The  relationship  between 
the  molar  flux  of  reactant  and  product  species  and  the  partial  pres- 
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302,  bN2,  cH20 


dH2,eH20 


->  v02,  wN2  ,  xH20 


yH2,zH20 


Fig.  3.  Schematic  diagram  of  the  mass  balance  for  reactant  and  product  species  in 
a  PEM  fuel  cell. 

Table  1 

Mole  numbers  associated  with  reactant  and  product  during  PEM  fuel  cell  operation. 

mols-1 


Oxygen  flow  rate  at  cathode 
inlet 

Hydrogen  flow  rate  at  anode 
inlet 

Nitrogen  flow  rate  at  cathode 
inlet  and  outlet 

Input  water  supplied  for 
cathode  humidification 

Input  water  supplied  for  anode 
humidification 

Unused  oxygen  flow  rate 

Unused  hydrogen  flow  rate 

Water  content  at  cathode 
outlet 

Water  content  at  anode  outlet 


a  =  0.2Uc| 


iA 


ha  2 F 


iA 


b  =  w  =  0.79A.C  4F 


c  =  Ac 


^c,inPcat  iA 
{pc-RHc  inpscat)  4 F 


p  —  \  RHa  jnPsaat  i/\ 

°  (Pa-RHaJnPf)  2F 

v  —  (0.21Ac  -  l)|p 

y  =  (A0-l)M, 
x  =  Ac 


sat 

c,mfc  jA_  jA_  |  „ , 
.. sat x  4F  '  2F  '  ^ 


RHr.  ,„p 


(pc-RHcmpscat) 


1  R^a,inPSaat  iA  n,  iA 
-Aa(Pa-RHaMpft)2F  01  F 


sure  at  the  exits  of  the  cathode  and  the  anode,  respectively,  can  be 
expressed  as: 

x  _  Pc  ,w,out 

P  +  W  Pc  ~  Pc,  w, out 


MRHc,inPScflt/(Pc  -  RHc,inplatWA/4F )  +  HA/2F)  +  a(iA/F) 

(Xc  -  1){iA/4F) 


Z  _  Pa, w, out 

y  Pa  ~  Pa, w, out 

=  URHaJnp^/(pa  -  RHa ' inPaat ))(iA/2F)  -  a(iA/F) 

(A.fl-l)(iA/2F)  1  J 

where  pc,w,out  and  pa,w,out  are  partial  pressures  of  the  water  at  the 
cathode  and  anode  outlets,  respectively;  pc  and  pa  are  the  total 
pressures  at  the  cathode  and  anode  inlets,  respectively;  pscat  and 
psaat  are  the  saturated  water  vapor  pressures  at  the  cathode  and 
anode  inlets,  respectively;  Xc  and  Xa  are  the  air  and  hydrogen  stoi¬ 
chiometry  numbers  (i.e.,  ratio  of  the  actual  flow  rate  of  reactant  at 
the  fuel  cell  inlet  to  the  consumption  rate  of  that  reactant);  RFlcin 
and  RFla  in  are  the  air  and  hydrogen  relative  humidities  at  the  inlets, 
respectively;  i  is  the  current  density;  A  is  the  total  membrane  area; 
F  is  the  Faraday  constant;  a  is  the  net  water  drag  coefficient.  (The 
net  water  drag  coefficient,  a ,  represents  the  net  water  molecule  per 
proton  flux  ratio  through  the  polymer  membrane.  When  a  value  is 
less  than  zero,  there  is  a  net  water  transport  towards  the  anode.  For 
a  detailed  explanation  of  a,  please  see  Ref.  [10]) 

Thus,  the  relative  humidity  of  the  gases  at  the  cathode  and  anode 
outlets  are,  respectively,  defined  as: 

DU  _  Pc, w, out  _  PclWCmPTAPc  -  RHcJnPT]}  +  2  +  4a] 

PSc%lMPc/(Pc  -  RHc,mPscat ))  +  1+4 a] 

(4) 


RH 


a, out 


Pa, w, out 
nsat 
Fcell 


PalXn2mn,a^a/(Pa  ~  ~  2a] 

Pfeti1  »2  lPa/(Pa  ~  RUin,a^a)l  -  2a  -  1 ) 

(5) 


where  RFIc,0ut  and  RHa,0ut  are  the  relative  humidities  of  air  and 
hydrogen,  respectively,  at  the  outlet,  andp^  is  the  saturated  water 
vapor  pressure  at  the  given  cell  temperature. 

To  calculate  the  mass  of  water  to  be  added  to  the  air  and  hydro¬ 
gen  inlet  gases  to  achieve  a  specific  humidity  at  a  given  pressure 
and  cell  temperature,  it  must  be  noted  that  the  mass  of  any  species 
in  a  mixture  is  proportional  to  the  product  of  the  molecular  mass 
and  the  partial  pressure  [8]. 


m 


c,w 


1 8  x  Pc,w,in 


™C,d 


28.97  x  (pc  Pc,w,in ) 
RHc  inPcat 

=  0.622  ’  c 


=  0.622 


Pc 


,w,in 


( Pc  Pc,w,in ) 


C Pc  -  RHcJnpScat ) 


m 


a,w 


1 8  x  Pa,w,in 


m 


a 


2.016  x  (pa  Pa,w,in ) 

R^adnPT 


=  8.929 


Pa,w,i 


in 


(Pa  Pa,w,in ) 


=  8.929 


(. Pa  ~  RHa,inpsaac ) 


where  mc?w  and  ma,w  are  the  masses  of  water  present  in  air  and 
hydrogen  gases  at  inlets,  respectively  (i.e.,  required  input  water 
mass  for  humidification);  mcd  and  ma  d  are  the  masses  of  dry  air 
and  dry  hydrogen  gases,  respectively;  pc,w,in  an^Pa,w,in  are  the  par¬ 
tial  pressures  of  vapor-phase  water  at  cathode  and  anode  inlets, 
respectively. 

The  required  masses  of  water  for  inlet  air  humidity  and  inlet 
hydrogen  humidity  can  be  calculated  from  Eqs.  (6)  and  (7),  respec¬ 
tively,  when  the  masses  of  dry  air  and  hydrogen  gases  per  second 
are  expressed  as  Eqs.  (8)  and  (9)  at  any  current  /  of  a  PEM  fuel  cell: 

mc  d  =  3.57  x  10-7  x  Xc  x  /  (8) 

ma  d  =  1.05  x  10-8  x  A -a  x  /  (9) 


As  shown  in  Fig.  2,  if  a  %  of  the  effluent  water  from  the  condenser 
can  be  captured,  the  amount  of  available  drinking  water  per  day 
(Md,  kgd-1)  from  a  PEM  fuel  cell  with  an  internal  humidification 
system  can  be  calculated  as  follows: 


Md  =  —  Mj-i 


a 

Too 


Mh 


mH2C)I 
200 F 


ci  —  Mff 


100  —  a\ 

Too  ) 


(10) 


where  Mc  is  the  amount  of  captured  vapor-phase  water  at  the  con¬ 
denser  per  day;  MH  is  the  amount  of  water  supplied  for  internal 
humidification  per  day;  mH2o  is  the  molecular  mass  of  water;  and 
a  is  the  capture  efficiency  of  the  effluent  water  from  the  condenser. 


5.  Review  on  parameters  for  increasing  the  amount  of 
water  source  produced  from  PEM  fuel  cell 

In  order  to  get  more  drinking  water  from  PEM  fuel  cells  with 
internal  humidification  system,  it  is  desirable  to  increase  the  lim¬ 
iting  current  density  for  high  water  production  or/and  reduce 
the  amount  of  water  feeding  for  humidification  of  reactant  gases. 
However,  PEM  fuel  cells  operated  with  dry  or  slightly  humidified 
gas  streams  for  the  reduction  of  input  water  show  significantly 
decreased  cell  performance  due  to  increase  of  ohmic  resistance 
compared  to  cells  with  analogous  well-humidified  gas  streams. 

In  this  work,  first,  the  effects  of  humidification  of  the  cathode 
and  anode  on  current  characteristics  are  described  for  a  particu¬ 
lar  configuration  of  a  PEM  fuel  cell  that  uses  an  MPL  only  on  the 
cathode  side.  This  initial  work  is  being  conducted  in  an  attempt  to 
understand  the  effects  the  humidification  of  each  feed  stream  on 
cell  performance  and  to  effectively  reduce  the  amount  that  enters 
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a  PEM  fuel  cell.  Additionally,  based  on  the  overall  reactions  in  a 
PEM  fuel  cell  at  steady  state  under  the  single-phase  flow  condition 
(i.e.,  the  relative  humidity  of  the  exiting  gas  is  less  than  100%),  use¬ 
ful  guidelines  for  suitable  ranges  of  operational  parameters  were 
provided.  For  the  single-phase  flow  condition,  the  limiting  current 
density  can  be  increased  due  to  the  reduction  of  oxygen-transport 
resistance  induced  by  excessive  liquid-phase  water  accumulated 
in  the  GDL  and  the  gas  flow  channel.  Second,  assuming  that  the 
quality  water  produced  by  the  PEM  fuel  cell  is  higher  than  typi¬ 
cal  tap  water  and  complies  with  regulations  established  by  the  U.S. 
EPA,  the  models  are  designed  to  identify  the  optimum  operational 
parameters  for  increasing  the  amount  of  drinking  water  produced 
by  PEM  fuel  cells. 

5.2.  Humidification  of  the  inlet  air  and  hydrogen  feed  streams 

In  general,  the  water  inside  the  polymer  membrane  is  trans¬ 
ported  mainly  by  electro-osmotic  drag  (i.e.,  the  dragging  of  water 
molecules  from  the  anode  to  the  cathode  by  the  current-carrier 
protons),  back-diffusion  (i.e.,  the  transfer  of  water  into  the  mem¬ 
brane  due  to  the  water  concentration  gradient  from  the  cathode  to 
the  anode),  and  convection  (i.e.,  water  movement  that  occurs  due 
to  the  pressure  gradients  between  the  cathode  and  the  anode  in 
the  fuel  cell).  However,  the  convection  effect  is  generally  negligible 
compared  to  the  effects  of  electro-osmotic  drag  and  back  diffusion. 
Since  a  PEM  fuel  cell  is  normally  supplied  with  pure  hydrogen  gas 
and  air  at  same  pressure,  the  water  flow  due  to  convection  can  be 
ignored  because  there  is  no  pressure  difference  between  the  anode 
and  cathode.  Thus,  electro-osmotic  drag  and  back  diffusion  dom¬ 
inate  the  water  transport  inside  the  polymer  membrane  of  a  PEM 
fuel  cell. 

To  increase  the  amount  of  available  drinking  water  from  a  PEM 
fuel  cell,  the  limiting  current  density  in  a  given  catalyst  area  should 
be  increased  since  the  water  production  rate  is  proportional  to  the 
current.  A  higher  current  density  results  in  greater  water  transport 
from  the  anode  to  the  cathode  due  to  electro-osmotic  drag.  Thus, 
if  back  diffusion  of  water  from  the  cathode  to  the  anode  through 
the  polymer  membrane  is  insufficient  to  maintain  sufficient  water 
in  the  polymer  membrane  at  the  dry  hydrogen  condition  (i.e., 
water  concentration  at  the  cathode  side  is  very  low  due  to  insuf¬ 
ficient  humidification  of  the  cathode),  the  performance  of  the  cell 
may  be  significantly  decreased  due  to  the  increase  of  ohmic  resis¬ 
tance  due  to  the  low  water  content  in  the  polymer  membrane. 
These  phenomena  are  consistent  with  other  studies  of  the  effects 
of  cathode  humidification  on  cell  performance  [11,12].  Yan  et  al. 
[11]  tested  the  effect  of  various  humidity  conditions  of  reactant 
gases  on  cell  performance  with  Nation  117  (e.g.,  this  membrane 
thickness  is  178  p>m)  polymer  membrane.  Cell  performance  tests 
with  I-V  curves  were  conducted  for  RHcin  levels  at  the  cathode 
of  10,  50,  70,  and  100%  and  for  RHain  levels  at  the  anode  of  60, 
70,  80,  90,  and  100%.  Their  results  showed  that  low  RHcin  values 
(e.g.,  RHcin  =30  and  50%)  can  exacerbate  membrane  dehydration 
by  reducing  back  diffusion  from  the  cathode  at  cell  temperature 
of  80  °C  and  A.c/Aa  =  2/2  conditions.  Humidification  of  the  gas  at 
the  anode  helped  to  counteract  membrane  dehydration  at  high 
levels  of  anode  humidification.  They  concluded  that  there  was  suf¬ 
ficient  back  diffusion  with  medium  and  high  RHc  in  values  (e.g.,  70 
and  100%)  to  keep  the  membrane  hydrated,  and  further  humid¬ 
ification  of  the  anode  did  not  improve  the  performance  of  the 
cell  significantly.  Cai  et  al.  [12]  also  compared  performance  and 
ohmic  resistance  at  different  humidity  conditions  using  a  Nation 
112  (e.g.,  this  membrane  thickness  is  51  p>m)  membrane  and  a 
constant  current  density  of  0.5  A  cm-2  at  cell  temperature  of  60  °C 
and  A.c/Aa  =  2.5/1 .1  conditions.  When  the  RHa  in  value  at  the  anode 
changed  from  0  to  100%  with  an  RHc  in  value  of  56%  at  the  cathode, 
the  both  average  outputs  of  the  cell  voltage  was  0.660  V  under  dry 


and  saturated  hydrogen  conditions  and  ohmic  resistance  slightly 
decreased  from  0.221  Q  cm-2  to  0.216  Q  cm-2.  It  was  shown  that, 
when  RHa  in  increased  from  0  to  100%  at  RHc  in  value  of  56%,  there 
were  insignificant  changes  in  membrane  resistance  and  cell  per¬ 
formance.  However,  when  the  RHcin  value  at  the  cathode  was 
changed  from  56%  to  36%  with  an  RHcin  value  of  0%  at  the  anode, 
the  average  output  of  the  cell  voltage  decreased  from  0.660  V  to 
0.619  V  and  ohmic  resistance  slightly  increased  from  0.221  £2  cm-2 
to  0.267  £2  cm-2.  They  insisted  that,  when  the  value  of  RHcin  at  the 
cathode  was  changed  from  56%  to  35%  at  dry  RHa  in  condition,  back 
diffusion  was  weaker  and  ohmic  resistance  was  increased  signif¬ 
icantly  due  to  low  water  content  in  the  polymer  membrane.  As  a 
result,  Yan  et  al.  [11]  and  Cai  et  al.  [12]  concluded  that  the  effect  of 
cathode  humidification  on  cell  performance  was  more  important 
than  the  effect  of  anode  humidification. 

In  this  work,  we  also  evaluated  the  effects  of  the  systematic 
dehydration  of  the  feed  streams  on  the  performance  of  a  PEM  fuel 
cell  using  Gore-PRIMEA-18  membrane  electrode  assembly  (MEA). 
The  MEA  consists  of  a  membrane  with  a  thickness  of  18  p>m  and 
a  catalyst  layer  with  a  thickness  of  12^m  with  a  Pt  loading  of 
0.4  mg  cm-2 .  The  surface  area  of  the  MEA  was  25  cm2 .  The  SGL 1 0BC 
(i.e.,  GDL  with  MPL,  SGL  Carbon  Group,  USA)  and  10BA  (i.e.,  GDL 
without  MPL,  SGL  Carbon  Group,  USA)  were  used  for  cathode  and 
anode  GDLs,  respectively.  The  gas  flow  channel  used  for  the  anode 
and  the  cathode  sides  were  identical  single-serpentine,  parallel 
channels.  The  width,  depth,  and  land  width  in  the  gas  flow  chan¬ 
nel  are  1  mm.  The  experiments  described  below  follow  a  general 
protocol  of  monitoring  cell  current  at  a  fixed  cell  potential  of  0.6  V. 
In  order  to  verify  the  effects  of  humidification  levels  of  hydrogen 
and  air  feed  gases  on  cell  performance,  the  relative  humidity  of  the 
hydrogen  feed-gas  stream  was  set  to  1 0, 30, 50, 80,  and  1 00%  with  a 
fully  saturated  air  feed-gas  stream  at  a  cell  temperature  of  80  °C  and 
total  air  pressure  of  1  atm.  The  relative  humidity  of  the  air  feed-gas 
stream  was  set  to  be  10,  30,  50,  80,  and  100%  with  a  fully  saturated 
hydrogen  feed-gas  stream.  The  H2/air  stoichiometries  were  1.46 
and  2.5,  respectively.  The  counter-flow  mode  was  used.  The  pipes 
between  the  humidifier  and  the  fuel  cell  were  heated  to  90  °C  to 
avoid  the  condensation  of  water  vapor. 

Fig.  4(a)  presents  the  variations  of  the  current  in  the  cell  for  a 
25  cm2  active  area  that  is  subject  to  various  levels  of  RHa  in  when 
there  is  100%  relative  humidity  at  RHcin.  Fig.  4(a)  shows  that  the 
current  levels  were  stable  for  the  three  segments  of  the  cell  when 
it  was  operating  with  RHa  in  values  of 50, 80,  and  1 00%.  However,  cell 
performance  diminished  slightly  as  the  humidification  level  of  the 
hydrogen  gas  stream  decreased  (i.e.,  low  RHa  in  values  of  10%  and 
30%).  For  instance,  when  slightly  humidified  hydrogen  gas  with  an 
RHa,in  value  of  10%  was  fed,  the  average  output  current  of  the  cell 
was  approximately  21.5  A  at  a  constant  voltage  of  0.6  V,  for  which 
current  fluctuations  were  small. 

However,  as  is  shown  in  Fig.  4(b),  the  average  current  decreased 
markedly  from  approximately  26.3  A  to  9.7  A  for  a  cell  with  satu¬ 
rated  hydrogen  gas  in  which  the  RHc  in  conditions  decreased  from 
100%  to  10%  when  RHa  in  was  fully  humidified.  As  a  consequence, 
these  results  also  indicate  that  the  influence  of  the  humidification 
condition  at  the  cathode  on  variations  in  output  current  is  more  sig¬ 
nificant  than  the  influence  of  humidification  condition  at  the  anode. 
This  means  that  the  performance  of  the  cell  is  affected  significantly 
by  back  diffusion,  which  is  controlled  by  the  humidification  condi¬ 
tions  of  the  feed  gases.  Thus,  if  the  amount  of  water  at  the  cathode  is 
increased  by  well-humidified  air  gas,  the  water  transport  by  back 
diffusion  will  be  enough  to  effectively  retain  the  proton  conduc¬ 
tivity  when  the  humidification  at  the  anode  is  low  at  high  current 
density.  However,  for  the  dry  air  condition,  insufficient  back  dif¬ 
fusion  was  responsible  for  the  dehydration  of  the  membrane  at 
high  current  density.  When  the  air  is  dry,  there  will  be  a  signifi¬ 
cant  change  in  the  current  due  to  membrane  dehydration.  Thus, 
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Fig.  4.  Current  variation  as  functions  of  time  and  the  RHin  of  inlet  reactant  gases  at 
constant  0.6  V  cell  potential  for  a  25  cm2  Gore-PRIMEA-18  MEA  (membrane  thick¬ 
ness  of  18  |jim):  (a)  variation  of  anode  RHa  in  at  constant  cathode  RHcjn  =  100%;  (b) 
variation  of  cathode  inlet  RHcjn  at  constant  anode  inlet  RHajn  =  1 00%. 

when  dry  hydrogen  gas  is  supplied  to  the  fuel  cell,  it  is  important  to 
supply  well-humidified  air  for  effective  water  and  electrical  power 
production  at  high  current  density. 

5.2.  Polymer  membrane  thickness  and  material 

The  thickness  of  the  polymer  membrane  has  a  major  impact 
on  the  performance  of  the  cell  and  on  water  production  at  low 
humidification.  If  the  value  of  RHcin  is  reduced  to  increase  the 
production  of  drinking  water,  the  membrane  thickness  is  a  very 
important  consideration  for  stable  cell  operation  at  low  humid¬ 
ification  conditions.  For  a  thin  membrane,  the  back  diffusion  of 
water  may  be  sufficient  to  counteract  the  anode-drying  effect  due 
to  electro-osmotic  drag.  However,  for  a  thicker  membrane,  drying 
may  occur  on  the  anode  side  due  to  insufficient  back  diffusion  of 
water.  This  was  demonstrated  very  vividly  by  Buchi  and  Scherer 
[13],  who  created  thick  membranes  by  combining  several  layers  of 
Nation  membranes.  They  showed  that  the  membrane  resistance  is 
independent  of  current  density  variation  for  polymer  membranes 
up  to  a  thickness  of  120  p,m,  but  it  increases  for  thicker  mem¬ 
branes.  Janssen  and  Overvelde  [14]  also  studied  the  net  water 
transport  in  an  operating  fuel  cell  with  Nation  105  (e.g.,  membrane 
thickness  =  127  p^m)  and  112  (e.g.,  membrane  thickness  =  51  p>m) 
membranes  and  determined  the  net  water  transport  across  the 
polymer  membrane.  As  expected,  the  Nation  112  membrane  exhib¬ 


ited  somewhat  lower  net  water  transport  than  the  thicker  Nation 
105  membrane.  Values  of  -0.3  to  +0.1  were  reported  when  the 
Nation  membrane  was  changed  from  Nation  112  to  Nation  105. 
(The  negative  values  refer  to  the  case  in  which  back  diffusion  is 
greater  than  electro-osmotic  drag.)  Additionally,  they  showed  that 
no  significant  dependence  was  found  on  the  stoichiometry  of  the 
reactants  or  pressure  differential,  indicating  that  hydraulic  perme¬ 
ation  may  be  negligible  for  these  membranes.  Also,  Cai  et  al.  [12] 
indicated  that,  for  the  dry  hydrogen  condition,  the  cell  with  the 
Nation  115  membrane  (e.g.,  membrane  thickness  =  127  p>m)  had 
lower  performance  than  the  cell  with  the  Nation  112  membrane 
(e.g.,  membrane  thickness  =  51  p,m)  due  to  the  increased  resistance 
of  the  membrane.  They  suggested  that  a  thin  membrane  was  more 
proper  for  the  operation  of  a  fuel  cell  with  dry  hydrogen.  Con¬ 
sequently,  when  a  PEM  fuel  cell  is  operated  to  produce  drinking 
water  at  a  dry  hydrogen  condition,  a  thin  polymer  membrane  and 
high  RHcin  (e.g.,  RHcin  =  50-100%)  can  be  expected  to  alleviate  the 
dehydration  of  the  membrane  due  to  sufficient  back  diffusion. 

The  decrease  of  membrane  thickness  reduces  water  shortage 
problems  in  PEM  due  to  increase  of  the  water  back-diffused  from 
the  cathode  to  the  anode.  However,  this  usually  accelerates  the 
crossover  of  H2  and  02  through  the  thin  polymer  membrane,  which 
decreases  the  cell  performance  and  the  fuel  utilization  by  the  chem¬ 
ical  short-circuit  reaction  [15].  Hence,  the  management  of  water 
content  and  reactant  crossover  is  recognized  as  a  key  technology 
to  enhance  the  cell  performance  and  to  suppress  the  degradation 
of  PEM.  Attempting  to  overcome  these  problems,  Watanabe  et  al. 
[16-18]  developed  the  self-humidifying  PEM  with  highly  dispersed 
nanometer  sized  Pt  and/or  metal  oxides  (i.e.,  Ti02,  Si02).  The  metal 
oxide  particles  that  have  hygroscopic  property  were  expected  to 
adsorb  the  water  produced  at  Pt  particles  together  with  that  pro¬ 
duced  at  the  cathode.  The  cells  with  these  PEMs  exhibited  superior 
cell  voltage  at  high  current  density  and  decreased  crossover  even 
under  a  dry  or  low-humidified  condition.  Gnana  Kumar  et  al.  [19] 
fabricated  a  modified  Nation  membrane  with  silica  and  silica  sul¬ 
furic  acid  for  the  lower  humidity.  Their  results  show  that  with  the 
hydroscopic  effort,  high  water  molecules  retention  provokes  the 
self  humidification  of  modified  Nation  membrane. 

5.3.  Stoichiometry,  pressure,  and  temperature 

The  water  mass  balance  in  the  polymer  membrane  can  be 
described  as  follows.  At  the  anode,  water  gain  is  caused  by  the 
humidified  hydrogen  gas  and  back  diffusion,  while  water  loss  is 
caused  by  electro-osmosis  and  the  evaporated  water  that  is  in  the 
effluent  gases.  At  the  cathode,  water  gain  is  from  the  humidified  air 
gas,  electro-osmosis,  and  the  water  that  is  produced  by  the  oxygen 
reduction  reaction.  Water  is  removed  by  back  diffusion  and  evap¬ 
oration  into  the  unsaturated  air.  At  both  sides,  these  water  gains 
and  losses  dominate  the  water  distribution  and  water  content  in 
the  polymer  membrane,  and  they  are  of  considerable  importance 
in  understanding  the  performance  of  PEM  fuel  cells. 

Weber  and  Newman  [20]  established  a  water  transport  model  in 
MEA  and  investigated  the  water  distribution  in  MEA.  They  indicated 
that,  due  to  electro-osmosis  and  water  production  at  the  cathode 
site,  moles  of  water  per  mole  of  sulfonic  acid  at  the  interface  of  the 
membrane/cathode  catalyst  layer  is  higher  than  that  at  the  anode 
site,  even  though  the  relative  humidities  for  both  the  anode  and 
the  cathode  are  the  same.  Thus,  if  the  number  of  moles  of  water 
per  mole  of  sulfonic  acid  at  the  cathode  site  decreases  due  to  low 
water  gain  at  the  cathode  site,  the  polymer  membrane  at  the  anode 
site  will  be  dehydrated  dramatically  due  to  the  decreased  back  dif¬ 
fusion.  As  a  result,  the  water  content  of  the  polymer  membrane  is 
primarily  dominated  by  the  water  activity  at  the  cathode  site  or  by 
the  relative  humidity  ( RHCj0ut )  of  the  exit  air,  which  is  determined 
by  total  water  gain  and  loss  at  the  cathode.  Larminie  and  Dicks  [8] 
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Fig.  5.  (a)  Variation  of  proton  conductivity  and  water  content  equilibrated  with 
vapor-phase  water  according  to  changes  in  the  relative  humidity  of  the  exit  air 
(RHC'0ut),  (b)  relationship  between  the  proton  conductivity  of  a  polymer  membrane 
and  its  water  content  ( Equivalent  weight  (EW)  of  polymer  membrane  =  950). 

more  clearly  suggested  that  the  suitable  range  of  RHCj0ut  for  stable 
cell  operation  should  be  above  80%  to  prevent  membrane  dehydra¬ 
tion,  but  it  must  be  less  than  100%  to  avoid  water  flooding  in  the 
GDL,  electrode,  and  gas  flow  channel. 

Thampan  et  al.  [21]  proposed  a  proton  conductivity  (<j)  model 
in  polymer  membranes  as  a  function  of  the  water  content  (A.).  (For 
more  detailed  information  about  the  proton  conductivity  model, 
please  see  Ref.  [21])  Using  the  aforementioned  proton  conductiv¬ 
ity  model,  we  represent  the  variation  of  proton  conductivity  and 
water  content  equilibrated  with  vapor-phase  water  according  to 
the  change  of  RHc,0ut,  as  shown  in  Fig.  5(a).  It  can  be  seen  that  pro¬ 
ton  conductivity  decreases  rapidly  as  the  RHc,0ut  decreases  below 
80%.  Using  the  suitable  range  of  RHCj0ut  from  80  to  100%  for  stable 
cell  operation,  a  proton  conductivity  is  presented  in  Fig.  5(a)  under 
suitable  RHCi0Ut  range  (i.e.,  A,  >10  and  <7  =  0.025-0.333  S  cm-1 ).  In 
addition,  we  represent  the  relationship  between  the  proton  con¬ 
ductivity  of  the  polymer  membrane  and  its  water  content  at  a  cell 
temperature  of  80  °C  as  shown  in  Fig.  5(b).  It  can  be  seen  that, 
when  the  water  content  is  less  than  2,  the  polymer  membrane 
behaves  like  an  insulator.  Above  this  threshold,  the  proton  conduc¬ 
tivity  of  the  membrane  increases  significantly  as  the  water  content 
in  the  polymer  membrane  increases.  When  the  water  content  is 
greater  than  10,  the  proton  conductivity  of  the  membrane  reaches 
a  plateau.  As  shown  in  Fig.  4(a),  this  means  that  the  PEM  fuel  cell  can 
be  stably  operated  in  the  range  of  proper  water  content  (i.e.,  A.  >  10 
when  RHCtout  is  in  the  suitable  range  of  80-100%).  As  mentioned 
earlier,  the  operational  parameters  (i.e.,  RHcin,  air  stoichiometry, 
total  air  pressure,  and  cell  temperature)  have  strong  impacts  on  the 


Fig.  6.  Relative  humidity  of  the  exit  air  stream  vs.  air  stoichiometry  number  for 
various  relative  humidities  at  the  cathode  inlet  with  a  total  air  pressure  of  1.1  atm. 

suitable  range  of  RHCt0Ut  and  are  related  among  themselves  by  non¬ 
linear  relationships.  Eq.  (4)  can  be  used  to  analyze  the  influences  of 
the  various  operational  parameters  on  RHCt0Ut- 

Fig.  6  shows  the  relationship  between  air  stoichiometry  and 
RHc,out  under  various  RHc  in  conditions  at  a  given  cell  temperature  of 
80  °C.  Based  on  previous  experimental  results  from  a  study  by  Kim 
et  al.  [  1 0],  in  which  the  MPL  was  only  on  the  cathode,  the  net  water 
drag  coefficient  was  assumed  to  be  a  =  -0.27.  It  can  be  seen  in  Fig.  6 
that  RHCtout  decreases  significantly  as  the  air  flow  rate  increases  at  a 
given  RHcjn  •  Additionally,  the  curves  of  proper  range  of  RHc,0ut  vs.  air 
stoichiometry  number  are  presented  in  the  shaded  zone  of  Fig.  5, 
according  to  the  suggestion  of  Larminie  and  Dicks  [8].  This  indi¬ 
cates  that,  when  the  curves  of  proper  RHc,0ut  vs.  air  stoichiometry 
number  fall  in  the  shaded  zone,  the  PEM  fuel  cell  can  be  operated 
stably.  Above  the  shaded  zone,  vapor-phase  water  would  condense 
in  the  cell  components,  causing  water  flooding  at  the  cathode  side. 
Below  the  shaded  zone,  it  would  be  difficult  to  keep  the  membrane 
hydrated. 

In  general,  the  air  stoichiometry  (Ac)  is  normally  determined  in 
the  range  of  2-4,  which  is  dependent  on  the  operational  condition 
of  the  fuel  cell  and  material  design.  A  lower  air  stoichiometry  (e.g., 
Ac<2)  will  cause  poor  cell  operation  due  to  the  reduction  of  the 
concentration  of  available  oxygen,  which  results  in  increased  con¬ 
centration  over-potential,  whereas  a  higher  air  stoichiometry  (e.g., 
Ac  >4)  will  result  in  the  reduction  of  oxygen  utilization  as  well  as 
the  rapid  evaporation  of  water  due  to  rapid  flow  of  oxygen  gas. 
Therefore,  under  various  RHc  in  conditions,  the  appropriate  air  stoi¬ 
chiometry  range  should  be  determined  for  better  cell  performance, 
as  shown  in  Fig.  6.  For  the  case  in  which  RHc  in  =  80%,  the  appropriate 
air  stoichiometry  range  is  too  high  to  operate  under  these  operation 
conditions.  If  the  air  stoichiometry  range  for  RHc  in  =  80%  is  from  2 
to  4,  water  condensation  in  the  fuel  cell  may  impair  the  operation 
of  the  cell  due  to  the  resistance  to  oxygen  transport  caused  by  the 
hindrance  of  liquid  water  at  a  lower  stoichiometry  number.  In  addi¬ 
tion,  although  air  stoichiometry  at  RHc  in  =  30%  is  within  the  optimal 
range,  low  RHcin  values  of  10%  and  30%  are  expected  to  affect  the 
performance  of  the  cell  adversely,  as  shown  in  Fig.  4(b).  This  may 
be  limited  primarily  due  to  low  proton  conductivity.  Furthermore, 
a  dry  air  environment  can  also  slow  down  the  charge  transfer  pro¬ 
cess.  Zhang  et  al.  [22]  showed  that,  with  dry  reactant  gases,  the 
resistance  to  charge  transfer  is  1. 5-2.0  times  higher  than  the  resis¬ 
tance  when  the  reactant  gases  are  fully  saturated.  This  could  be 
due  to  the  reduction  of  the  Pt  surface  area  in  the  dry  catalyst  layers. 
Even  though  the  oxygen  and  hydrogen  concentrations  were  high 
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Fig.  7.  Calculated  relative  humidity  of  the  exit  air  stream  as  a  function  of  air  pressure  at  different  air  stoichiometry  numbers.  Ac _  (a)  2.5,  (b)  3.5,  (c)  4.5,  and  (d)  5.5.  Common 
physical  parameters:  net  water  drag  coefficient  of  -0.27  and  cell  temperature  of  80  °C. 


due  to  high  gas  stoichiometry,  a  large  resistance  to  mass  trans¬ 
fer  occurred  at  dry  or  slightly  humidified  reactant  gas  conditions 
due  to  the  limited  proton  transfer  process  to  Pt  catalysts.  This  was 
observed  mainly  in  dry  ionomer  medium  within  a  dry  electrode, 
and  it  occurred  in  addition  to  the  increase  in  charge  transfer  resis¬ 
tance  at  dry  or  slightly  humidified  air  conditions.  Consequently,  it 
is  important  to  determine  the  proper  air  stoichiometry  range  of  2-4 
considering  the  aspect  of  RHcin  =  50%  for  the  reductions  of  various 
resistances  as  well  as  the  amount  of  inlet  water  amount  supplied  for 
air  humidification.  If  the  RHc  in  condition  is  less  than  50%,  the  total 
air  pressure  should  be  increased  to  keep  the  membrane  hydrated 
at  low  humidity  conditions  at  the  cathode. 

Fig.  7  presents  a  further  evaluation  of  the  relationship  between 
RHc,out  and  total  air  pressure  at  various  air  stoichiometry  numbers. 
It  can  be  seen  that  RHc,0ut  is  proportional  to  the  total  air  pressure. 
When  the  saturation  partial  pressure  of  water  vapor  is  only  a  func¬ 
tion  of  cell  temperature  and  the  cell  temperature  is  constant  during 
cell  operation,  the  mole  fraction  of  water  vapor  in  the  exhaust  air 
gas  is  determined  primarily  by  total  air  pressure.  This  is  because, 
as  the  total  air  pressure  becomes  higher,  the  mole  fraction  of  water 
vapor  in  the  exhaust  air  gas  would  decrease  (i.e.,  xH2o  =  Psat/Pc )• 
Thus,  the  amount  of  water  leaving  with  the  exhaust  air  gas  becomes 
lower,  and  the  number  of  moles  of  water  in  the  fuel  cell  increases. 
This  results  in  the  increase  of  the  vapor  pressure  of  the  water  in  the 
fuel  cell.  This  leads  to  the  important  conclusion  that  a  system  with 
higher  air  pressure  requires  less  added  water  to  achieve  the  same 


humidity  of  exit  air  and  increases  the  amount  of  drinking  water 
produced  by  the  PEM  fuel  cell  due  to  the  reduction  of  amount  of 
water  used  for  the  humidification  of  reactant  gases. 

Furthermore,  cell  operation  at  higher  air  pressure  increases  cell 
performance  due  to  various  causes.  Zhang  et  al.  [22]  showed  that 
cell  performance  increases  significantly  with  increasing  gas  pres¬ 
sure  at  dry  reactant  gas  conditions  due  to  the  increase  of  the  partial 
pressure  of  the  reactant  gases  and  the  reduction  of  the  volumetric 
flow  rate  of  the  reactant  gases.  These  factors  lead  to  increases  in 
the  amounts  of  water  retained  in  both  the  cathode  and  the  anode. 
Additionally,  the  increased  pressure  raises  the  exchange  current 
density,  which  has  the  apparent  effect  of  increasing  the  open  circuit 
voltage  (OCV).  In  addition  to  these  benefits,  there  is  also  a  reduc¬ 
tion  in  the  mass  transport  losses  due  to  the  increase  in  the  partial 
pressure  of  oxygen  in  the  catalyst  layer  [11].  However,  additional 
power  is  consumed  to  increase  the  air  pressure  when  a  fuel  cell 
must  be  operated  at  higher  air  pressure.  Thus,  voltage  gains  and 
losses  associated  with  increasing  the  air  pressure  should  be  con¬ 
sidered.  Consequently,  the  pros  and  cons  of  adding  the  extra  air 
compressor  apparatus  must  be  considered.  These  problems  will  be 
discussed  later. 

Additionally,  there  is  usually  a  strong  relationship  between  the 
cell  temperature  and  water  production  rate  in  a  fuel  cell,  since  cell 
temperature  has  a  major  impact  on  relative  humidity  ( RH ).  The  RH  is 
defined  as  the  ratio  of  the  partial  pressure  of  water  to  the  saturated 
vapor  pressure  of  water  at  a  given  temperature.  The  saturated  vapor 
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Table  2 

Input  water  mass  rate  in  appropriate  range  of  air  stoichiometry  at  different  RHcjn 
conditions. 


RHCJ„  (%) 

Ac 

Mh  (kgd-1) 

Input 

water/product 

water 

30 

2.84-3.94 

18.8-26.0 

0.97-1.35 

50 

3.59-5.95 

43.7-72.4 

2.26-3.75 

80 

7.56- 

175< 

9.07< 

pressure  increases  more  and  more  rapidly  above  60  °C.  This  means 
that,  when  the  partial  pressure  of  vapor  water  is  constant,  RHcin 
decreases  to  a  significant  extent  as  the  internal  temperature  of  the 
fuel  cell  exceeds  60  °C.  This  is  because  the  pressure  of  the  saturated 
water  vapor  must  increase  significantly  to  achieve  the  same  rela¬ 
tive  humidity  in  the  inlet  stream  to  the  cathode  if  the  temperature 
is  above  60 °C.  Thus,  the  input  water  mass  rate  for  the  appropri¬ 
ate  cathode  humidification  increases  more  and  more  rapidly  above 
60  °C,  which  results  in  decrease  of  the  amount  of  available  drinking 
water  from  PEM  fuel  cell  with  internal  humidification. 

6.  Drinking  water  production  rate  from  PEM  fuel  cell 

The  mass  of  water  to  be  added  to  the  air  stream  depends  to 
a  great  extent  on  operational  parameters  such  as  RHcin ,  air  sto¬ 
ichiometry,  total  air  pressure,  and  cell  temperature.  Therefore, 
another  objective  of  the  present  work  is  to  conduct  technical  quan¬ 
tification  and  assessment  of  the  effect  of  operational  parameters 
on  input  water  mass  rate  (i.e.,  MH ,  kgd-1)  for  air  humidification 
and  on  the  drinking  water  production  rate  (i.e.,  MD,  kgd-1 )  of  the 
PEM  fuel  cell.  To  calculate  the  amount  of  water  production  (i.e., 
Mp,  kgd-1)  generated  by  the  oxidation-reduction  reaction  at  the 
cathode,  it  is  assumed  that  a  PEM  fuel  cell  stack  is  operated  with 
a  total  current  of  2392  A  (i.e.,  52  A  per  polymer  membrane  and  46 
membranes  in  a  fuel  cell  stack  [23]  and  can  produce  approximately 
19  kg  of  water  per  day.  As  mentioned  earlier,  this  water  produc¬ 
tion  rate  from  commercial  fuel  cell  stack  can  be  increased  by  the 
improvement  of  the  current  density  as  well  as  increase  of  the  num¬ 
ber  of  polymer  membrane.  However,  we  only  focus  on  increase  of 
available  drinking  water  from  PEM  fuel  cell  by  reduction  of  water 
feeding  for  humidification  of  reactant  gases. 

Assuming  that  no  humidification  at  the  anode  (dry  H2),  Fig.  8 
shows  the  MH  for  cathode  humidification  and  ratio  of  input  water 
to  water  produced  as  function  of  air  stoichiometry  at  different  RHcin 
conditions  at  a  total  air  pressure  of  1.1  atm.  As  one  would  expect, 
Fig.  8  indicates  that  the  MH  is  proportional  to  the  air  stoichiome¬ 
try.  Furthermore,  the  MH  increases  significantly  as  RHc  in  increases. 
Table  2  shows  the  ratio  of  input  water  to  product  water  (i.e.,  MH/Mp) 
and  the  MH  values  within  the  appropriate  range  of  air  stoichiome¬ 
try  values  in  Fig.  6  at  different  RHc  in  conditions.  Except  for  low  air 
stoichiometry  at  RHc  in  =  30%,  the  MH/Mp  is  always  greater  than  1  at 
RHc  in  =  50%  and  80%.  This  means  that,  if  the  capture  efficiency  at  the 
condenser  is  not  1 00%,  the  product  water  generated  by  the  electro¬ 
chemical  reaction  at  the  cathode  will  be  consumed  for  humidifying 
the  cathode.  This  leads  to  a  sharp  reduction  of  MD  whereas  MH 
increases  significantly.  Thus,  other  operational  parameters  should 
be  considered  to  reduce  MH  for  humidification  of  the  cathode.  Fig.  9 
indicates  the  reduction  of  MH  for  humidification  of  the  cathode 
as  total  air  pressure  increases  at  different  RHcin  conditions.  For 
instance,  it  can  be  seen  that,  at  an  air  pressure  of  1 .5  atm,  the  MH/MP 
is  less  than  1,  except  for  RHc  in  =  80%.  However,  the  MH  for  humidi¬ 
fication  of  the  cathode  is  not  greatly  reduced  until  the  air  pressure 
is  3  atm. 

As  mentioned  earlier,  running  a  fuel  cell  at  higher  pressure 
will  increase  the  electrical  power  due  to  reductions  in  the  cathode 
activation  overvoltage  as  well  as  oxygen-transport  loss.  However, 


Air  stoichiometry  number,  ).c 


Air  stoichiometry  number,  X 


Fig.  8.  Calculated  input  water  mass  rate  ( MH )  for  cathode  humidification  and  input 
water/product  water  ratio  (MH/Mp)  as  a  function  of  air  stoichiometry  number  at 
different  RHCjin  conditions:  RHcjn  =  (a)  30%,  (b)  50%  and  (c)  80%.  Common  operational 
parameters:  cell  temperature  of  80  °C  and  total  air  pressure  of  1.1  atm. 

operating  the  fuel  cell  at  higher  pressure  involves  the  expenditure 
of  parasitic  power  taken  up  by  the  compression  equipment.  To  con¬ 
sider  the  pros  and  cons  of  increasing  the  air  pressure,  the  voltage 
loss  and  gain,  as  well  as  the  increase  of  MD  at  higher  total  air  pres¬ 
sure,  must  be  considered  more  quantitatively.  The  voltage  gain  and 
loss  are  changed  according  to  the  increase  of  the  operational  pres- 
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Fig.  9.  Calculated  input  water  mass  rate  (MH)  for  cathode  humidification  and  input 
water/product  water  ratio  (M^/Mp)  as  a  function  of  air  pressure  at  different  relative 
humidity  of  cathode  inlet:  RHCjin  =  (a)  30%,  (b)  50%  and  (c)  80%.  Common  operational 
parameters:  cell  temperature  of  80  °C,  air  stoichiometry  of  2,  total  current  of  2392  A. 


sure  from  an  original  value  of  Pi  to  a  higher  pressure  P2.  The  net 
voltage  change  resulting  from  operating  at  higher  pressure  can  be 
calculated  as  follows  [8]: 


Net  AV  =  AVgain 


AVl0SS  =  C  In 


3.58  x  10“4 


h  f  //^\a286 

ricVm  \\Pi  / 


1  X 


C 


(11) 


where  C  is  a  constant  the  value  of  which  depends  on  how  the 
exchange  current  density  is  affected  by  pressure  and  temperature. 
It  is  not  clear  what  value  should  be  used  for  C.  Parsons,  Inc.  has 


Fig.  10.  Net  voltage  change  and  amount  of  available  drinking  water  ( MD )  resulting 
from  initial  ambient  air  pressure  (1  atm)  and  higher  pressures:  RHcjn  =(a)  30%,  (b) 
50%  and  (c)  80%.  Common  operational  parameters:  cell  temperature  of  80 °C,  air 
stoichiometry  of  2,  total  current  of  2392  A.  The  capture  efficiency,  a,  is  assumed 
to  be  approximately  70%.  Actually,  Chu  and  Jiang  [26]  were  able  to  capture  only 
approximately  66%  of  the  theoretical  amount  of  effluent  water  under  STP  conditions 
due  to  evaporation  and  other  losses. 


reported  figures  ranging  from  0.03  to  0.06  V  [24].  Hirschenhofer 
et  al.  [25]  used  a  constant  value  of  0.06  V.  In  this  work,  we  used 
0.06  Vasa  constant  value.  The  last  term  on  the  right  side  of  Eq.  ( 1 1 ) 
can  be  written  for  the  voltage  loss  by  the  compressor  in  terms  of 
compressor  efficiency  r\c  ( r\c  =  0.7)  [8],  the  efficiency  of  the  electric 
drive  for  the  compressor  r\m{r\m  =  0.9)  [8],  and  the  entry  tempera¬ 
ture  of  the  air  stream,  T\ . 

Eqs.  (10)  and  (11)  were  used  to  plot  the  graph  of  net  voltage 
change  and  MD  at  different  RHc  in  conditions,  as  shown  in  Fig.  10. 
The  data  presented  in  Fig.  1 0  show  that  there  is  always  a  net  voltage 
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Fig.  11.  Input  water  mass  rate  for  humidification  (MH)  and  amount  of  available  drinking  water  ( MD )  as  a  function  of  cell  temperature  at  different  total  air  pressure  and  RHc  in 


conditions:  (a)  and  (b)  RHcjn  =30%,  (c)  and  (d)  RHcjn  =  50%,  (e)  and  (f)  RHCjn  =  80%.  Common  physical  properties:  capture  efficiency  of  70%,  total  current  of  2392  A,  and  air 
stoichiometry  of  2. 


loss  as  a  result  of  the  higher  pressure.  This  means  that  the  additional 
electrical  power  needed  to  drive  the  compressor  is  always  exceeded 
by  the  power  gained.  Furthermore,  it  can  be  expected  that  a  higher 
net  voltage  loss  at  a  higher  cell  temperature  and  air  stoichiometry 
will  be  observed  due  to  the  greater  voltage  losses  associated  with 
air  compression,  which  result  in  a  larger  A\/loss,  as  given  by  Eq. 
(11).  For  this  reason,  the  practice  of  operating  above  atmosphere 
pressure  is  by  no  means  universal,  even  with  larger  PEM  fuel  cells. 
With  smaller  fuel  cells,  i.e.,  less  than  about  5  kW,  are  rare,  since  the 
compressors  are  likely  to  be  less  efficient  and  more  expensive  [8]. 
However,  this  pressurization  process  is  needed  to  provide  sufficient 


drinking  water  for  a  household,  as  shown  in  Fig.  10.  With  higher 
RHcin,  the  Md  will  increase  as  the  total  air  pressure  increases  since 
the  amount  of  water  required  at  the  cathode  inlet  to  achieve  the 
same  humidity  will  be  less  at  higher  pressure.  Therefore,  at  high 
RHc  ini  it  is  recommended  that  the  fuel  cell  be  operated  at  the  higher 
pressure  of  3  atm  to  achieve  a  greater  water  production  rate.  For  an 
RHc  in  value  of  30%,  however,  the  pressurization  process  does  not 
materially  affect  the  production  of  drinking  water  from  the  PEM 
fuel  cell. 

As  mention  earlier,  the  cell  temperature  above  60  °C  signifi¬ 
cantly  affects  the  amount  of  feeding  water  for  the  humidification 
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of  reactant  gases.  This  results  in  a  sharp  increase  of  MH  for  cath¬ 
ode  humidification  at  cell  temperatures  above  60  °C.  It  can  be  seen 
from  Fig.  11(a)  that,  at  a  total  air  pressure  of  1  atm,  MD  is  always 
greater  than  zero  over  the  full  range  of  cell  temperatures  from  1 0  to 
1 00  °C.  In  Fig.  11(c)  and  (e),  however,  it  can  be  seen  that,  at  temper¬ 
atures  above  60  °C,  MD  decreases  very  markedly  during  the  internal 
humidification  process.  Thus,  in  order  to  produce  MD  values  greater 
than  1 0  kg  d-1  at  different  RHcin  conditions,  it  is  desirable  to  main¬ 
tain  the  temperature  of  the  fuel  cell  at  less  than  60  °C.  At  low 
cell  temperatures,  small  amounts  of  water  are  needed  to  satu¬ 
rate  the  air,  and  MD  is  more  than  sufficient.  However,  a  low  cell 
temperature  results  in  lower  cell  potential.  This  is  because  lower 
cell  temperature  results  in  exponentially  lower  exchange  current 
density  and  significantly  hinders  the  oxygen-mass  transport  prop¬ 
erties  at  the  cathode  side,  whereas  increased  cell  temperatures  can 
increase  the  kinetics  of  both  oxygen  reduction  and  hydrogen  oxida¬ 
tion  reactions.  However,  increased  cell  temperatures  can  accelerate 
the  evaporation  of  water  evaporation  at  low  RHcjn  values,  resulting 
in  a  reduction  of  water  retention  in  the  polymer  membrane  and  an 
increase  in  ohmic  resistance.  This  has  a  negative  effect  on  the  per¬ 
formance  of  the  cell.  Furthermore,  if  more  Mh  should  be  supplied 
to  a  PEM  fuel  cell  in  order  to  maintain  proper  proton  conductivity 
at  high  cell  temperature,  the  high  cell  temperature  significantly 
decreases  the  MD.  Thus,  the  MD,  as  well  as  a  trade-off  between 
water  retention  in  the  polymer  membrane  and  reaction  kinetics, 
should  be  considered.  Zhang  et  al.  [22]  studied  the  effect  of  23  °C 
and  60  °C  cell  temperatures  on  cell  performance  with  dry  reactant 
gases.  They  showed  that,  at  low  current  density  (i.e.,  <0.3  A  cm-2), 
the  cell  performances  at  both  cell  temperatures  were  almost  the 
same,  with  a  higher  performance  relative  to  high  current  density 
at  60  °C.  This  indicates  that  water  retention  in  the  polymer  mem¬ 
brane  was  higher  at  23  °C  than  at  60  °C,  but  the  reaction  rates  were 
slower  at  23  °C  than  at  60  °C.  The  trade-off  between  water  retention 
and  reaction  kinetics  may  be  responsible  for  the  similar  cell  perfor¬ 
mances  for  low  current  densities  less  than  0.3  A  cm-2.  At  higher 
current  densities,  however,  the  positive  impact  of  increased  reac¬ 
tion  kinetics  at  60  °C  on  the  cell  performance  may  overwhelm  the 
negative  impact  of  less  water  retention  and  result  in  higher  cell 
performance. 

As  a  result,  at  low  current  density  with  low  cell  temperature, 
it  is  possible  to  maintain  the  cell’s  electrical  and  water  produc¬ 
tion  performances.  However,  at  high  current  density,  the  amount 
of  drinking  water  available  will  be  significantly  decreased  to  main¬ 
tain  the  same  RHc  in,  even  though  the  cell’s  electrical  performance 
is  higher  than  it  is  at  low  cell  temperature.  In  order  to  reduce  the 
amount  of  water  that  must  be  added  to  humidify  the  reactant  gases 
at  high  cell  temperature  as  well  as  to  maintain  high  current  density, 
increasing  the  air  pressure  is  more  effective,  as  shown  in  Fig.  11(b), 
(d),  and  (f).  It  can  be  seen  that,  even  though  the  RHc  in  condition  and 
the  cell  temperature  increase,  the  MD  at  a  total  air  pressure  of  2  atm 
is  greater  than  that  at  ambient  pressure. 


7.  Conclusions 

In  this  work,  useful  guidelines  were  developed  along  with  their 
respective  operational  parameters  for  maintaining  stable  perfor¬ 
mance  of  the  cell  and  for  increasing  the  amount  of  drinking  water 
produced  by  the  PEM  fuel  cell.  These  guidelines  were  based  on  the 
overall  reaction  in  a  PEM  fuel  cell  at  steady  state.  As  the  results 
indicate,  the  minimal  use  of  humidification  (i.e.,  dry  or  slightly 
humidified  gas  streams)  is  desirable  for  significantly  increasing  the 
amount  of  drinking  water  from  the  PEM  fuel  cell  without  affect¬ 
ing  electrical  power  productivity  by  low  humidification.  However, 
when  a  PEM  fuel  cell  operates  with  dry  or  low-humidity  gases,  the 
result  is  significantly  decreased  cell  performance  due  to  increased 


ohmic  resistance.  Specifically,  the  influence  of  the  humidification 
condition  at  the  cathode  on  current  variation  was  more  important 
than  the  influence  of  the  humidification  condition  at  the  anode. 
Thus,  for  stable  cell  performance,  the  humidity  of  the  air  at  the 
outlet  ( RHc,oUt )  should  be  above  80%  to  prevent  membrane  dehy¬ 
dration,  but  it  must  be  kept  less  than  1 00%  to  avoid  flooding  the  PEM 
fuel  cell  with  water.  The  proper  RHC}0ut  is  dependent  to  a  significant 
extent  on  operational  parameters,  such  as  air  inlet  humidification 
( RHc  in ),  air  stoichiometry,  air  pressure,  and  operating  cell  tempera¬ 
ture.  When  the  inlet  gas  humidity  at  the  anode  is  very  low  (dry  gas) 
and  air  stoichiometry  is  in  the  normal  range  of  2-4,  the  appropri¬ 
ate  RHc  in  is  50%  to  ensure  sufficient  water  content  in  the  polymer 
membrane  and  stable  cell  performance.  If  RHc  in  is  less  than  50%, 
air  pressure  should  be  increased  to  maintain  sufficient  water  con¬ 
tent  in  the  polymer  membrane.  This  is  important  because  the  mole 
fraction  of  water  vapor  in  the  exhaust  air  decreases  as  total  air  pres¬ 
sure  increases.  In  addition,  cell  operation  at  high  air  pressure  will 
increase  the  performance  of  the  cell  due  to  the  reduction  of  cathode 
activation  overvoltage.  However,  when  a  fuel  cell  must  be  operated 
at  higher  air  pressure,  additional  power  is  consumed  to  increase 
the  air  pressure.  Thus,  voltage  gains  and  losses  associated  with 
increasing  the  air  pressure  should  be  considered.  There  is  always 
a  net  voltage  loss  when  air  pressure  increases,  but  the  pressuriza¬ 
tion  process  is  required  to  provide  sufficient  drinking  water  (i.e., 
>1 0  kg  d-1 )  for  a  household.  For  the  low  RHc  in  condition,  the  pres¬ 
surization  process  does  not  materially  affect  the  amount  of  drinking 
water  produced  by  a  PEM  fuel  cell.  However,  for  a  high  RHc  in  con¬ 
dition,  the  mass  of  the  input  water  is  decreased  significantly  as  air 
pressure  increases.  However,  the  water  required  for  humidification 
at  a  high  RHc  in  condition  is  not  greatly  reduced  for  an  air  pressure 
greater  than  3  atm.  Furthermore,  it  is  clear  that,  above  a  cell  tem¬ 
perature  of  60  °C,  the  amount  of  available  drinking  water  decreases 
markedly,  since  saturated  water  vapor  pressure  increases  more  and 
more  rapidly  above  this  temperature,  which  means  that  the  par¬ 
tial  pressure  of  dry  air  and  the  RHc,0ut  both  decrease  significantly. 
Consequently,  in  order  to  produce  more  than  10kgd-1  of  drinking 
water  at  different  RHcin  conditions,  it  is  desirable  to  decrease  the 
operating  cell  temperature  to  less  than  60  °C.  The  water  production 
rate  from  a  PEM  fuel  cell  is  dependent  on  limiting  current  den¬ 
sity  and  the  number  of  polymer  membrane.  In  general,  at  limiting 
current  density,  the  water  yield  from  PEM  fuel  cells  would  not  be 
sufficient  to  meet  the  internal  consumptive  uses  of  water  in  typical 
households.  Thus,  an  increase  in  the  number  of  polymer  membrane 
at  low  current  density  is  an  alternative  solution  for  increasing  the 
amount  of  drinking  water  from  a  PEM  fuel  cell. 
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